Allergic airway inflammation is characterized by increased expression of pro-inflammatory mediators, inflammatory cell infiltration, mucus hypersecretion, and airway hyperresponsiveness, in parallel with oxidative DNA base and strand damage, whose etiological role is not understood. Our goal was to establish the role of 8-oxoguanine (8-oxoG), a common oxidatively damaged base, and its repair by 8-oxoguanine DNA glycosylase 1 (Ogg1) in allergic airway inflammatory processes. Airway inflammation was induced by intranasally administered ragweed (Ambrosia artemisiifolia) pollen grain extract (RWPE) in sensitized BALB/c mice. We utilized siRNA technology to deplete Ogg1 from airway epithelium; 8-oxoG and DNA strand break levels were quantified by Comet assays. Inflammatory cell infiltration and epithelial methaplasia were determined histologically, mucus and cytokines levels biochemically and enhanced pause was used as the main index of airway hyperresponsiveness. Decreased Ogg1 expression and thereby 8-oxoG repair in the airway epithelium conveyed a lower inflammatory response after RWPE challenge of sensitized mice, as determined by expression of Th2 cytokines, eosinophilia, epithelial methaplasia, and airway hyperresponsiveness. In contrast, 8-oxoG repair in Ogg1-proficient airway epithelium was coupled to an increase in DNA single-strand break (SSB) levels and exacerbation of allergen challenge-dependent inflammation. Decreased expression of the Nei- 
Introduction
Exposure to pollen grains is the major cause of seasonal allergic reactions in the skin, eyes, and upper and lower respiratory tracts [1, 2] . Air pollutants can modify the antigenic (allergenic) properties of pollen and generate reactive oxygen species (ROS) 4 , which promote pro-inflammatory signaling in airway epithelium, thereby increase the severity and complexity of allergic symptoms in atopic subjects [3, 4] . It has been reported that pollen grains, including those of short ragweed (Ambrosia artemisiifolia), have intrinsic NAD(P)H oxidase (NOX) activity [5, 6] . Upon interaction of pollen with mucosal surfaces, pollen NOX becomes activated and generates ROS, leading to the formation of lipid peroxides (4-HNE, MDA) and oxidized glutathione (GSSG) [5] , and activation of transcription factors (including NF-κB) [7] ; together with antigens this provokes robustallergic inflammation in the airways and conjunctiva in sensitized subjects [5, 8, 9] . Additionally, we previously reported that inhibition/inactivation of the pollens' NOX activity decreases both T helper 1 (Th1) and Th2 responses [5, 6, [10] [11] [12] .
The pollen NOX primarily generates superoxide anions (O 2 •− ), which are reduced to H 2 O 2 and then to hydroxyl radicals (•OH), causing damage to macromolecules, including DNA [5, 13] . The primary target of ROS in DNA is guanine, because it has the lowest redox potential of the four nucleobases [14, 15] . Although guanine base lesions vary according to the nature of the oxidants [16] , 7,8-dihydro-8-oxoguanine (8-oxoG) is the most frequent oxidation product in both DNA and RNA, and the accumulation of 8-oxoG is considered a biomarker of inflammation [17] . While its repair in RNA is poorly understood [18] , 8-oxoG is repaired in DNA via the base excision /single strand break (BER/SSB) repair pathway [19, 20] . In mammalian cells, repair of 8-oxoG is initiated by the 8-oxoguanine DNA glycosylase 1 (OGG1) [21] . The 3′-phospho-α,β-unsaturated aldehyde terminus (apurinic/apyrimidinic [AP] sites) produced by Ogg1 is removed by the 3′-phosphodiesterase activity of the AP endonuclease-1 (APE1) to generate 3′OH for DNA polymerases, which then incorporate the intact base followed by action of DNA ligase to complete the repair process [19, 22] . When 8-oxoG is not removed by OGG1 before DNA replication, MYH (E. coli mutY homolog) removes adenine misincorporated opposite 8-oxoG in the DNA template [23, 24] . The mammalian orthologs of E. coli MutM/Nei are NEIL1 and NEIL2 (Nei endonuclease VIIIlike glycosylases), which remove oxidized base lesions, including 8-oxoG, during DNA replication and transcription, respectively [25, 26] . In the present study, we examined the role of 8-oxoG accumulation and its repair in the DNA of airway epithelial cells in allergic immune responses. To do so, we used siRNA to ablate Ogg1 from the airway epithelium of ragweed pollen grain extract (RWPE)-sensitized animals (Ogg1-deficient: Ogg1 D mice) before RWPE challenge. Mice treated with control siRNA were used as controls (Ogg1 proficient: Ogg1 P mice). We depleted Ogg1 only from the epithelium because environmental oxidative pollutants primarily affect the epithelium, and its constituent cells play a decision-making role in the initiation and manifestation of innate and adaptive inflammatory processes [27] [28] [29] . We avoided using Ogg1-defficient mice, as they globally lack Ogg1 activity. For the first time, we show that supraphysiological levels of 8-oxoG have no effect, but DNA repair intermediates, including SSBs generated during the action of Ogg1, increase the expression of Th2 cytokines and allergic immune responses upon challenge of sensitized mice with RWPE. These data link DNA damage repair to allergic immune responses, and also imply that transient modulation of OGG1 activity could have clinical benefits.
Experimental procedures

Cell culture
MLE-12 (American Type Culture Collection), an immortalized type 2 mouse lung epithelial cell line, was grown in RPMI 1640 medium. Ogg1 −/− and Ogg1 +/+ mouse embryo fibroblast (MEF) cells [30] were kindly provided by Dr. Deborah E. Barnes (Imperial Cancer Research Fund, Clare Hall Labs, United Kingdom) and cultured in DMEM/Ham's F-12 medium [31] . Mouse airway epithelial cells (AECs) were isolated as described previously [32] . In coculture studies cells were incubated with neutrophils as described previously [33] . Cell viability was determined by Annexin V assay as we described previously [31] .
Animals, sensitization and challenge
Six-to 8-week-old female BALB/c mice (Harlan Sprague-Dawley; San Diego, CA) were sensitized via intraperitoneal (ip) injections of RWPE (certified LPS-free, Greer Laboratories, Lenoir, North Carolina) on days 0 and 4 [5] . On day 11, mice (n = 7-9) were challenged intra-nasally with 50 μg of RWPE (per challenge) in 60 μL of saline. All experiments were performed according to the NIH Guidelines for the Care and Use of Experimental Animals. The protocol used was approved by the University of Texas Medical Branch Animal Care and Use Committee (#0807044-05).
Evaluation of airway inflammation and hyper-responsiveness
Bronchoalveolar lavage fluid (BALF) samples were collected, processed and stained with Wright-Giemsa as we previously described [5, 6, 13] . Lung tissue sections were processed for staining with hematoxylin and eosin or periodic acid-Schiff, photographed, and evaluated as we previously described [5, 6, 13] . In parallel experiments immunofluorescence staining was carried out to identify eosinophils in lung sections. Lung tissue sections were stained with antibodyto the major basic eosinophilic protein, a kind gift form Dr. G Gleich (Division of Allergic Diseases, Department of Internal Medicine, Mayo Clinic and Foundation, Rochester, Minnesota, USA) as we published previously [5] . Airway hyperresponsiveness (AHR) was determined three days after challenge [7, 13] . AHR was expressed as enhanced pause = {(expiratory time/relaxation time)−1} × (peak expiratory flow/peak inspiratory flow). The flow signals and the respiratory parameters were calculated using the Biosystem XA program (Buxco Electronics Inc, Troy N.Y., USA).
Measurement of ROS levels
ROS levels were assessed using 2′-7′-dihydro-dichlorofluorescein diacetate (H 2 DCF-DA; Molecular Probes). Dichlorofluorescein (DCF)-mediated fluorescence was determined by fluorescence spectroscopy analysis (FLx800 Bio-Tek Instruments, Winooski, Vermont) [31, 34] .
RNA extraction and real-time (RT)-PCR Analysis
RNA was extracted using an RNeasy kit per the manufacturer's instructions (Qiagen, Valencia, CA). Total RNA (1 μg) was reverse-transcribed using a SuperScript® III FirstStrand Synthesis System (Invitrogen, Carlsbad, CA). qRT-PCR was performed in an ABI7000 thermal cycler [13] . Relative expression levels were calculated by the ΔΔCt method [13, 35] .
2.6. Assessment of 8-oxoG and DNA single-strand breaks 8-oxoG in DNA was assessed by determining the levels of OGG1-sensitive sites using an OGG1 FLARE ™ Comet assay (Travigen, Gaithersburg, MD) [31, 36, 37] . Briefly, exfoliated AECs were embedded in agarose, cells were lysed, detergent was removed by washing, OGG1 protein was added in the digestion buffer and then the DNA was subjected to alkaline electrophoresis. DNA strand breaks were determined using neutral (double-strand breaks, DSBs) and alkaline (SSBs) electrophoretic conditions [31, 36, 37] . We evaluated 200 cells for each data point, using the Comet Assay IV v4.2 system (Perceptive Instruments, Suffolk, UK).
Depletion of gene expression
Stealth RNAi ™ was used to deplete Ogg1 (Invitrogen Life Technologies). Under mild anesthesia, parallel groups of mice were treated with siRNA to Ogg1 (or control siRNA) intranasally at days 8 and 10 after sensitizing the mice [13] . The mouse orthologs of E. coli endonuclease VIII-like DNA glycosylases were depleted by phosphorothioate-protected oligonucleotides: Neil1 antisense oligonucleotide: 5′-G*C*T* GGC GGG CTG TAG C*T*T* C-3′; sense (5′-G*A*A*GCTACAGCCCGCC*A*G*C-3′ bond) [38] , antisense oligonucleotide 5′-C*G*C*CACTCTATCCTCATC*C*C*T-3′, sense: A*G*G*G*-GATGAGGATAGAGTG-G*C*G*8 (Dharmacon; *, indicates a phosphorothioate). Ogg1 levels in cultured cells were decreased by siRNA transfection (Dharmacon) [39] . Decreases in gene expression were determined by qRT-PCR and Western blot analysis.
Enzyme-Linked Immunosorbent Assays
ELISA was used to determine IL-4, IL-5, and IL-13 levels in BALF samples. The capture antibodies used were ab100710(IL -4), ab114982 (IL-5) and ab100700 (IL-13) (Abcam, Cambridge, MA), as we described [12] . MUC5A/C levels in BALF were also assessed as described [6, 13] .
Assessment of Ogg1's activity
Ogg1's repair activity was assayed using a 32 P-labeled 31-mer oligonucleotide (5′-GAA GAG AGA AAG AGA X GAA GGA AAG AGA GAA G-3′; Midland Certified Reagent Co., Midland, TX) substrate containing one 8-oxoG (at the X position) as we described previously [39] . The excision reactions were carried out in 40 mM Hepes-KOH (pH 7.6), 5 mM EDTA, 1 mM DTT, 75 mM KCl, 10% glycerol buffer containing 0.2 pmol of 32 Plabeled substrate and 20 μg cell extract. In controls 6 pmol recombinant Ogg1 protein per sample was used. The cleaved product was separated from the intact substrate in a 20% polyacrylamide gel containing 8 M urea in Tris-borate-EDTA buffer (pH 8.4). Radioactivity in the separated DNA bands was visualized with a Storm 860 PhosphorImager (Molecular Dynamics) and quantified by densitometry using ImageQuant software.
Statistical analysis
Statistical analysis was performed by using the Student's t-test or ANOVA, followed by post hoc tests: Bonferroni's and Dunnett's T3 with SPSS 14.0 software. The data are presented as the means ± the standard error of the mean. Differences were considered to be statistically significant at P < 0.05.
Results
RWPE challenge increases 8-oxoG levels in the genome of airway epithelial cells
Sensitized Ogg1 P and Ogg1 D animals were mock-or RWPE-challenged, and 8-oxoG levels in DNA of exfoliated airway epithelial cells were determined by single-cell DNA gel electrophoresis (Comet assay) combined with OGG1 digestion of DNA [31, 36, 37] (Fig. 1  A) . In AECs of Ogg1 P mice, RWPE induced 4.1±1.1-and 6.2±1.9-fold increases in 8-oxoG levels at 0.5 h and 1 h after exposure, respectively, compared to pre-challenge levels. By 3 h post-exposure, the 8-oxoG level was decreased significantly (Fig. 1B) , in line with the expression of Ogg1 in Ogg1 P mice (Fig. 1C) and indicating an effective repair of the oxidized guanine. Nevertheless, time-course studies showed a second-phase increase in 8-oxoG levels between 8 h and 36 h after RWPE challenge (Fig. 1B) . This phenomenon is consistent with the kinetics of neutrophil influx into the airways in response to RWPE challenge [11, 40] and ROS generation by activated neutrophils [41] . Next, prior to challenge of mice Ogg1 expression was ablated by Ogg1 siRNA specifically in the airway epithelium (Materials and Methods). Decrease in Ogg1 expression at RNA level was 83±9.1% (Fig. 1C) . In Ogg1 D mice, 8-oxoG levels steadily increased in the DNA of AECs (Fig. 1B) , in line with depletion of Ogg1 expression (Fig. 1C) . To provide evidence that the increased 8-oxoG levels in AECs of Ogg1 D mice were indeed due to a lack of Ogg1 expression, and not to a change in the airways' redox capacity, we determined the GSH:GSSG ratio. Administration of Ogg1-specific or control siRNA into the airways of sensitized mice had no effects on the GSH:GSSG ratio in BALF samples (Fig. 1D) . Furthermore, we did not observe significant differences in the GSH:GSSG ratio between Ogg1 P and Ogg1 D mice after RWPE challenge (Fig. 1D ). These data indicate that the increased 8-oxoG levels were indeed due to the lack of Ogg1, and not a change in the airways' redox capacity.
8-oxoG repair is associated with DNA strand damage in the RWPE-exposed airway epithelium
In addition to oxidative DNA base lesions, ROS can also cause damage to the sugar moiety, inducing DNA SSBs as well as DSBs [20, 42, 43] . To examine the levels of SSBs and DSBs after RWPE challenge, AECs were subjected to both neutral and alkaline Comet assays [31, 36, 37] . Despite supra-physiological 8-oxoG levels in the genome (Fig. 1B) , RWPE challenge did not significantly alter the abundance of SSBs in AECs of either Ogg1 P or Ogg1 D mice during the first 3-h time period (Fig. 2A) . However, during neutrophilia (at 8, 16 and 24 h post-challenge) [5, 11] , the abundance of SSBs was significantly increased in the AECs of Ogg1 P animals compared to that observed in the AECs of Ogg1 D mice ( Fig. 2A  and 2B , right panels). The levels of SSBs after exposure to RWPE were nearly identical in naïve and sensitized Ogg1 P mice (data not shown). The DSB levels did not increase at any time point after RWPE challenge in the AECs of either Ogg1 P or Ogg1 D mice (Fig. 2B , left panels; microscopic images taken at 16 h time point are shown). Downregulation of Neil1 and Neil2 insignificantly altered the levels of SSBs in AECs (data not shown). These results suggest that the generation of SSBs after RWPE challenge is independent from adaptive immune responses, while it appears to be specifically related to expression of Ogg1 under neutrophilia.
To confirm these observations, we co-cultured neutrophils with Ogg1 P and Ogg1 D MLE-12 and MEF cells (at a ratio between neutrophils and MLE-12 or MEF was 1:1). Co-incubation with activated neutrophils [33] for 2 h and 4 h caused a significant increase in SSBs levels in both Ogg1 P MLE-12 cells and Ogg1 P MEF cells compared to the same Ogg1 D cell types (Fig. 3A) . To further support these observations, we utilized MEF cells developed from Ogg1 −/− mice [30, 31] . Co-culture of activated neutrophils resulted in significantly fewer SSBs in Ogg1 −/− compared to Ogg1 +/+ MEF cells. Whereas non-activated neutrophils failed to change SSB levels in either MLE-12 or MEF cells (data not shown). On the other hand, RWPE exposure did not significantly affect the levels of SSBs in Ogg1 P and Ogg1 D cells (Fig. 3B ). There were no significant changes in cell viability during co-culture of MLE-12 or MEF cells with activated neutrophils or RWPE as determined by Annexin V assay using flow cytometry (data not shown). The extent of Ogg1 depletion at mRNA and protein levels as well as a decrease in Ogg1's activity in MLE-12 and MEF Ogg1 +/+ cells (MEF Ogg1 −/− cells were used as negative control) are shown in Fig. 3E . These results imply that Ogg1 activity is associated with the generation of SSBs during neutrophilia in mice, and in cells cultured with activated neutrophils.
Next we explored the kinetics and extent of changes in cellular ROS levels mediated by RWPE and neutrophils. Co-culturing Ogg1 P MLE-12 cells with activated neutrophils (at a ratio of 1:1) resulted in a sustained increase in ROS levels, while RWPE exposure caused a transient increase (Fig. 3C) . Increases in intracellular ROS levels were similar between 0.5 and 1 after addition of RPWE or neutrophils. However, activated neutrophils resulted in sustained increases in intracellular ROS levels. There were statistically significant differences between RWPE and neutrophil challenge-induced levels of ROS at 2 h and 4 h time points in MLE-12 cells (Fig. 3C) . Changes in ROS levels were independent from Ogg1 expression (the 4 h time point is shown in Fig. 3D ). These data suggest that sustained oxidative stress appears to be associated with formation of SSBs in Ogg1 P cells.
Deficiency in 8-oxoG repair decreases RWPE-induced allergic inflammatory responses
To examine the implication of 8-oxoG repair and SSBs associated with Ogg1 expression in allergic immune responses, sensitized Ogg1 D and Ogg1 P mice were challenged with RWPE and the extent of airway inflammation was examined thereafter. Surprisingly, despite a steady accumulation of 8-oxoG in the AECs of Ogg1 D mice (Fig. 1B) , there were significantly fewer eosinophils in the BALF (Fig. 4A ) and the subepithelial area ( Fig. 4B  middle panel; confirmed by immunofluorescence staining; data not shown [11] ) lower MUC5A/C levels in BALF (Fig. 4C) , and lower epithelial cell metaplasia (Fig. 4D , middle panel) and Phen index (Fig. 4E ) compared to the same parameters in the Ogg1 P mice (Fig.  4A , right panel of B, C, right panel of D and E). These observations appear to be specific to Ogg1, as depletion of Neil1 glycosylase [25] did not affect the number of eosinophils accumulated into BALF and subepithelium (Fig. 4G ).
T helper 2 (Th2) cytokines, including IL-4, IL-5 and IL-13, are thought to play major roles in the accumulation of eosinophils, and in airway metaplasia and mucus production [44] . In the BALF of both Ogg1 P and O gg1 D mice, RWPE challenge induced an immediate increase in IL-4 (1 h and 3 h) (Fig. 4F, upper panel) . However, at later time points (8 h, 16 h, 24 h, 36 h and 48 h), its level further increased only in the BALF of Ogg1 P mice. The levels of IL -5 and IL-13 were significantly lower in the BALF of Ogg1 D mice compared to those in BALF of O gg1 P animals (Fig. 4F, middle, lower panels) . These data imply that O gg1-generated SSBs are associated with the expression of Th2 cytokines and exacerbation of allergic airway inflammation.
Discussion
Exposure to environmental oxidative pollutants exacerbates airborne allergen-mediated innate and adaptive immune cascades. Under inflammatory conditions, increased levels of oxidative DNA base and strand damage have also been documented, and considered as biomarkers of inflammation [17] . Although the role of DNA repair intermediates in exacerbating inflammation has been proposed, their etiological role has not been investigated. In the present study, we document for the first time that oxidative damage to guanine in DNA has no direct effect, while SSBs generated during Ogg1-initiated base excision repair of 8-oxoG in the airway epithelium are etiologically associated with Th2-type responses, including cytokine expression, inflammatory cell infiltration, mucus production and AHR in a mouse model of allergic airway inflammation. Exacerbation of the inflammatory response was specific to Ogg1, as depletion of the DNA glycosylases Neil1 and Neil2 had no significant effects on RWPE-induced allergic airway inflammation in our experimental model. These unexpected observations suggest that it is not 8-oxoG accumulation in the genome but the Ogg1-initiated repair of 8-oxoG that helps to exacerbate antigen-induced allergic inflammation.
Among DNA bases, guanine is the primary target of both radical and non-radical oxidants due to its low redox potential [15, 45] . Therefore, it was not surprising to observe that 8-oxoG levels in the DNA of AECs were increased due to the elevated oxidative stress induced by the intrinsic NOX activity of RWPE and the ROS generated by infiltrating neutrophils. In Ogg1 D animals8 -oxoG levels were continuously increased due to a lack of repair by O gg1, as there were no differences in the redox balance of the airways between Ogg1 P and O gg1 D mice as measured by the GSH:GSSG ratio, a gauge of oxidative stress in airway inflammation [46] . That the inflammatory parameters were significantly higher in Ogg1 P mice led us to conclude that the repair of 8-oxoG rather than its genomic accumulation is associated with the allergic inflammatory processes.
Ogg1 excises 8-oxoG (and also FapyG) from DNA with high efficiency [19] , generates AP sites (5′ phosphate and 3′ blocking phospho-α,β unsaturated aldehyde ends), and via its glycosylase/AP lyase activity also cleaves the DNA backbone at these sites by transiently generating single-strand gaps [42, 43, 47] . Under physiological conditions Ogg1 forms complexes with downstream canonical repair and non-repair proteins, and single-strand gaps are fully corrected in consecutive steps of BER/SSBR [19, 20] . Indeed, this appears to be the case immediately after RWPE challenge, as 8-oxoG was repaired in the epithelium of Ogg1 P mice without a significant increase in SSBs.
Activated neutrophils inhibit nucleotide excision repair via release of ROS and MPOgenerated hypochlorous acid in lungs and human pulmonary epithelial cells [48] . In contrast, sustained oxidative stress by activated neutrophils did not alter 8-oxoG excision activity of Ogg1 in lysates of the lungs or in airway epithelial cell cultures (A549, MLE-12; Bacsi et al., unpublished observation). Thus an intriguing question remains -how Ogg1-initiatedbase excision repair of 8-oxoG is involved in the formation of DNA strand breaks. It has been proposed that during oxidative stress, when the 8-oxoG level in DNA is elevated, a concerted glycosylase/AP lyase reaction by Ogg1 would create numerous SSBs in the genome that could have pathophysiological consequences [47] . Thus one possible explanation could be that during sustained oxidative stress, there is an imbalance in glycosylase and AP lyase activities of Ogg1, generating SSBs in the genome. This action of Ogg1 could result from improper protein-protein interactions with canonical BER enzymes, such as APE1, and ligases or non -canonical proteins in the BER/SSBR pathways [42, 47, 49] . It has also been suggested that oxidative stress may compromise Ogg1's binding to APsites, and thereby decrease its protective effects on 5′ phosphate and 3′ blocking phospho-α,β unsaturated aldehyde ends against ROS and AP site-cleaving enzymes, such as Nth1 and DNA topoisomerases [42, 47, 50] leading to SSBs. While the exact molecular mechanism is the subject of our future studies, it appears that Ogg1′ activity could lead to a transient increase in SSBs in the airway epithelium during RWPE-induced neutrophilia. SSBs are significantly increased in Ogg1 P animals; therefore, it is reasonable to propose that the allergic inflammation is augmented by DNA damage response signaling. In support of this idea, SSB-and DSB -initiated signaling activates transcription factors (e.g. NF -κB), and consequently the expression of proinflammatory chemokines/cytokines [51] [52] [53] [54] [55] [56] [57] . For example, DNA strand breaks induce expression of IL-4, IL-10, and TGF-β in an ataxia telangiectasia-mutated deficient colitis model [58] . Recent studies also showed that DNA damage signaling is etiologically associated with Th2 responses, including IgE and IgG1 production during OVA sensitization/immunization [59] .
Moreover, we found that the levels of SSBs were similarly increased in the epithelium of both sensitized and naïve Ogg1 P animals at 8 h, 16 h, and 24 h after RWPE challenge. Importantly, there was no eosinophilia observed in naïve mice as a consequence of DNA strand damage induced by neutrophils in response to RWPE. In contrast, in sensitized Ogg1 P animals there was robust accumulation of eosinophils, and increased epithelial hyperplasia and AHR, when compared to those in sensitized Ogg1 D mice. It is thus feasible to propose that perturbed Ogg1-initiated repair of 8-oxoG leads to a transient increase in SSBs, which promotes Th2 cytokine expression and exacerbates allergic inflammation. In support of this idea, previous studies demonstrated that atopic subjects have more DNA breaks in their nasal epithelial cells than do non asthmatics upon oxidative environmental exposures [60] .
In controls, we investigated the role of the Nei endonuclease VIII-like Neil1 and Neil2 glycosylases [25, 61, 62] . Neil1 preferentially initiates base excision repair of ringfragmented purines (e.g., the purine-derived lesions 2,6-diamino-4-hydroxy-5-formamidopyrimidine and 4,6-diamino-5-formamidopyrimidine) and some saturated pyrimidines [26] . Neil1 knockout and heterozygous mice develop obesity, dyslipidemia, fatty liver disease and hyperinsulinemia [61] . Inflammatory processes are highly integrated into these conditions associated with Neil1 deficiency [63] . Unexpectedly, depletion of Neil1 in the airway epithelium had no significant effect on levels SSBs and eosinophil counts after RWPR challenge. On the other hand, depletion of the Neil2 (which preferentially repairs the cytosine oxidation product 5-hydroxyuracil [25, 62] ) in the airway epithelium caused insignificant changes in SSB levels, while it somewhat but not significantly increased eosinophil count in BALF.
Studies utilizing Ogg1 −/− mice showed an increased resistance to endotoxin-induced organ dysfunction, diabetes induced by streptozotocin and contact hypersensitivity induced by oxazolone [64] . Moreover, a meticulous study by Li and colleagues documented a decrease in ovalbumin (OVA)-induced airway inflammation in sensitizedOgg1 −/− mice, and concluded that Ogg1 expression is associated with oxidative stress after OVA challenge, leading toSTAT6 and NF-κB activation, as well as enhanced IL-4, IL-6, IL-10, and IL-17 expression in wild-type (WT) mice [65] . They supported their observation by showing that depletion of Ogg1 by siRNA markedly decreased ROS levels in MLE-12 cells after exposure to dust mite extract [65] . In our model, depletion of Ogg1 did not alter the redox balance (GSH:GSSG ratio) in the airways of experimental mice or the intracellular ROS levels of Ogg1-expressing vs. non-expressing AECs and MEF cells mediated by RWPE or activated neutrophils. Results by Li and colleagues using OVA-sensitized Ogg1 deficient mice support the validity of our observations, although they did not consider exacerbation of allergic immune responses due to 8-oxoG repair and generation of DNA strand breaks. Together these results suggest that DNA glycosylases could modulate inflammatory processes via a variety of mechanisms, including generation of DNA SSBs, which appears to play a critical role in exacerbation of antigen-induced inflammation in sensitized animals, and possibly in atopic human subjects.
In our model, Ogg1 was depleted only in the airway epithelium, so our results suggest that DNA strand damage associated with Ogg1's expression/activity in AECs induces discrete signaling pathways to enhance the expression of Th2 cytokines, recruitment of eosinophils, induction of epithelial hyperplasia and AHR. These observations are consistent with those showing that oxidative environmental pollutants provoke and exacerbate airway inflammatory processes, and with the view that airway inflammation is primarily driven by airway epithelial disorder(s), rather than being linked purely to immunological pathways [27] [28] [29] .
In conclusion, ROS are known to increase inflammatory chemokine/cytokine expression and exacerbate antigen-mediated allergic immune responses. In our experimental model, ROS levels were identical in both naïve and sensitized Ogg1-proficient and -deficient airways, while RWPE challenge induced severe allergic immune responses only in sensitized Ogg1-proficient animals. These results imply that DNA repair associated with Ogg1 generates DNA SSBs that are etiologically linked to allergic immune responses. From our results it is also plausible that the level of Ogg1 expression/activity in atopic subjects could be etiologically linked to clinical manifestations of allergic responses provoked by various allergens. Our results also indicate that the transient modulation of Ogg1's activity in the airway epithelium could decrease the severity of inflammation and so have clinical benefits.
Highlights
• The role of 8-oxoG repair by OGG1 in allergic airway inflammation was established.
• Inflammation was induced by intranasal ragweed pollen challenge of sensitized mice.
• Pollen exposure and infiltrating neutrophils increase 8-oxoG levels in the genome.
• Repair of 8-oxoG only under neutrophilia resulted in DNA single-strand breaks.
• Down-regulation of OGG1 in the airways decreased allergic immune responses. 
